Journal  of  Power  Sources  192  (2009)  336-343 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


pri 

SllbiidtS 


A  facile  surface  modification  of  Nation  membrane  by  the  formation  of 
self-polymerized  dopamine  nano-layer  to  enhance 
the  methanol  barrier  property 

Jingtao  Wang,  Lulu  Xiao,  Yuning  Zhao,  Hong  Wu,  Zhongyi  Jiang*,  Weiqiang  Hou 

Key  Laboratory  for  Green  Chemical  Technology,  School  of  Chemical  Engineering  and  Technology,  Tianjin  University,  92#  Weijin  Road,  Nankai  District,  Tianjin  300072,  China 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  20  January  2009 
Received  in  revised  form  4  March  2009 
Accepted  4  March  2009 
Available  online  19  March  2009 


Keywords: 

Surface  modification 
Dopamine 
Nation  membrane 
Direct  methanol  fuel  cell 
Methanol  permeability 
Proton  conductivity 


By  immersing  Nation  membrane  into  dopamine  aqueous  solution  under  mild  conditions,  a  series  of 
modified  Nation  membranes  for  the  application  in  direct  methanol  fuel  cell  (DMFC)  were  fabricated. 
High  resolution  scanning  electron  microscope  and  Fourier  transform  infrared  spectra  characterization 
revealed  that  a  dense  nano-layer  around  50  nm  was  formed  and  adhered  tightly  to  Nation  surface.  Small- 
angle  X-ray  scattering,  wide  X-ray  diffractometer  and  positron  annihilation  lifetime  spectroscopy  analysis 
implied  that  the  microstructure  such  as  phase-separated  structure  and  ion-cluster  channel  of  Nation  layer 
was  slightly  changed  after  surface  modification.  The  influence  of  modification  conditions  including  pH 
value,  dopamine  concentration  and  immersing  time  upon  membrane  performance  was  investigated.  Due 
to  the  effective  reduction  of  methanol  dissolution  and  enhancement  of  methanol  diffusion  resistance, 
the  methanol  crossover  of  the  modified  membranes  was  dramatically  suppressed  by  about  79%  from 
3.14  x  10-6  to  about  0.65  x  10-6  cm2  s-1 .  Meanwhile,  the  proton  conductivity  of  the  modified  membranes 
was  slightly  decreased  to  be  around  0.06  Scnrr1.  Consequently,  the  comprehensive  performance  of  the 
modified  membranes  was  improved  by  about  five  times.  These  results  hinted  the  application  promises 
of  such  modified  Nation  membranes  in  DMFC. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Perfluorosulfonic  polymer  such  as  Nafion  (Dupont)  is  the  most 
common  membrane  electrolyte  used  in  polymer  electrolyte  fuel  cell 
(PEFC)  and  direct  methanol  fuel  cell  (DMFC)  in  virtue  of  its  excel¬ 
lent  chemical,  mechanical  and  thermal  stability  and  high  proton 
conductivity  in  hydrated  state  [1-3].  However,  methanol  crossover 
from  the  anode  to  the  cathode  through  Nafion  membrane,  which 
drastically  reduces  the  DMFC  performance  due  to  the  mixed  poten¬ 
tial  effect  and  catalyst  poisoning,  seriously  retards  the  technological 
development  of  DMFC  [4,5]. 

Previous  studies  revealed  Nafion,  with  hydrophobic  polyethy¬ 
lene  backbone  and  pendant  hydrophilic  sulfonated  side  chains, 
displayed  a  phase-separated  structure  which  provided  a  series  of 
ion-cluster  channels  to  facilitate  methanol  permeation  across  the 
membrane  [6-8].  The  methanol  transport  through  Nafion  mem¬ 
brane  could  be  elucidated  by  solution-diffusion  mechanism  [9]. 
After  dissolving  into  the  membrane  surface,  methanol  molecules 
diffuse  primarily  through  the  ion-cluster  channels  constructed  by 
the  hydrophilic  domains  [6,8].  Therefore,  tremendous  efforts  have 
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been  devoted  to  suppress  methanol  crossover  by  tuning  the  surface 
and/or  internal  microstructure  of  the  commercial  Nafion  mem¬ 
brane.  The  membranes  explored  can  be  summarized  as  follows: 
(i)  cation  exchanged  membrane  [10-12]:  to  reduce  the  size  of  the 
ion-cluster  channel  by  replacing  H+  of  sulfonic  acid  group  with 
other  cation  (e.g.  cesium  ion,  calcium  ion  and  ion  lipid);  (ii)  blend 
membrane  [13-15]:  to  alter  the  microstructure  and  thus  reduce 
the  channel  size  for  methanol  diffusion  by  blending  alcohol  bar¬ 
rier  polymer  (e.g.  polyaniline,  polyvinylidene  fluoride  and  polyvinyl 
alcohol);  (iii)  hybrid  membrane  [16-19]:  to  restrict  the  channel  and 
induce  a  winding  pathway  for  methanol  transport  by  impregnating 
inorganic  filler  (e.g.  zeolite,  silica,  montmorillonite  and  zirconium 
phosphate);  (iv)  surface  modified  membrane:  to  reduce  the  disso¬ 
lution  and/or  block  the  transport  of  methanol  by  coating  a  metal 
layer  (e.g.  Pd  and  Pd-Ag  alloy)  [20-22]  or  methanol  imperme¬ 
able  polymer  layer  (e.g.  polyporphyrin,  polybenzimidazole  and 
polyvinyl  alcohol)  [23-25].  Among  these  methods,  surface  modifi¬ 
cation  has  been  demonstrated  as  the  commonly  utilized  approach 
because  of  its  facile  manipulation  and  high  efficiency.  Woo  and 
co-workers  [21]  deposited  Pd  film  on  the  surface  of  Nafion  mem¬ 
brane  using  plasma  etching  and  palladium-sputtering  to  reduce 
methanol  crossover  by  about  35%.  Kim  et  al.  [22]  developed  a  Pd 
particle-palladinized  Nafion  membrane  through  ion  exchange  fol¬ 
lowed  by  chemical  reduction,  and  the  Pd  particles  blocked  the 
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diffusion  pathway  for  methanol,  resulting  in  reduced  methanol 
diffusion  coefficient.  However,  besides  the  complex  modification 
process,  the  presence  of  the  modified  layer  usually  increased  the 
overall  proton  resistance.  Various  methanol  barrier  polymers  have 
also  been  employed  to  inhibit  methanol  crossover.  Hobson  et  al.  [25  ] 
introduced  a  barrier  layer  of  polybenzimidazole  onto  the  Nation 
surface  to  reduce  the  methanol  permeability  by  about  40%.  Hsing 
and  co-workers  [23]  reported  that  the  methanol  crossover  of  Nation 
membrane  was  significantly  inhibited  though  coating  a  methanol 
impermeability  polyvinyl  alcohol  film  (the  thickness  about  1  pan) 
on  Nation  surface.  Unfortunately,  the  proton  resistance  in  these 
cases  was  dramatically  increased  due  to  the  existence  of  the  rel¬ 
atively  thick  less-conductive  layer  (usually  at  micrometer  scale)  as 
well  as  the  weak  interfacial  adhesion  between  the  skin  layer  and 
Nation  layer  [4,23,25].  Therefore,  it  is  important  to  develop  a  facile 
approach  to  modify  commercial  Nation  membrane  with  a  tightly 
attached  ultrathin  layer,  which  could  effectively  block  the  methanol 
transport  channels  without  significantly  affecting  the  proton  trans¬ 
port. 

Recent  researches  in  biomaterials  area  found  that  dopamine,  a 
kind  of  low-molecular-weight  catecholamine  mimics  as  the  adhe¬ 
sive  protein,  could  spontaneously  self-polymerize  on  virtually  all 
inorganic  and  organic  surfaces  and  rapidly  form  a  dense,  ultra- 
thin  film  under  mild  conditions  [26-28].  Due  to  the  strong  physical 
and  chemical  interactions  including  hydrogen-bonding  interaction, 
metal  chelation,  tt-tt  interaction  and  electrostatic  attractive  inter¬ 
action,  the  film  layer  was  found  to  be  homogenous  and  adhered 
tightly  to  the  material  surface  [26].  Furthermore,  numerous  groups 
(amino,  imino  and  catechol  groups)  were  exposed  to  the  poly¬ 
dopamine  layer,  which  were  proton  conducting  groups  and  with 
low  ion  resistance  (about  1  C2  cm-2),  and  hence  it  could  be  used  as 
an  ion-selective  electrode  [29].  We  can  thus  conjecture  that  sur¬ 
face  modification  by  coating  polydopamine  on  Nation  membrane 
is  likely  to  suppress  methanol  crossover  remarkably  and  contribute 
to  the  high  proton  conductivity. 

The  objective  of  this  study  was  to  systematically  examine  the 
effect  of  dopamine  coating  conditions  such  as  pH  value,  dopamine 
concentration  and  immersing  time  on  the  membrane  performance 
including  water  uptake,  swelling,  methanol  permeability  and  pro¬ 
ton  conductivity.  Moreover,  the  physiochemical  properties  such  as 
morphology,  chemical  structure,  crystalline  structures  and  free  vol¬ 
ume  characteristics  were  investigated. 


2.  Experimental 


branes  were  immersed  into  different  dopamine  concentrations 
(1.0-4.0mgml-1)  under  8.5  of  pH  value  for  4h.  These  modified 
membranes  were  designated  as  Naf-1  mg,  Naf-2  mg,  Naf-3  mg  and 
Naf-4  mg,  corresponding  to  1.0  mg  ml-1 , 2.0  mg  ml-1 , 3.0  mg  ml-1 
and  4.0  mg  ml-1  of  the  dopamine  concentration. 

Similarly,  the  membranes  were  fabricated  in  2.0  mg  ml-1 ,  pH  8.5 
dopamine  solution  for  different  times  (from  1  h  to  48  h).  For  sim¬ 
plicity,  the  resulting  membranes  were  designated  as  Naf-X,  where  X 
(X=  1  h,  2  h,  4  h,  8  h,  12  h,  24  h,  and  48  h)  represented  the  immersing 
time. 


2.2.  Characterization 


The  cross-section  of  the  membranes  was  observed  using  high 
resolution  scanning  electron  microscope  (HRSEM)  Hitachi  S4800 
operated  at  0.7  kV  after  being  freeze-fractured  in  liquid  nitrogen. 

Fourier  transform  infrared  spectra  (FTIR,  4000-400  cm-1)  of 
the  Nafion  membranes  before  and  after  surface  modification  were 
recorded  on  a  Nicolet-740  50X  instrument. 

The  small-angle  X-ray  scattering  (SAXS)  and  wide  X-ray  diffrac¬ 
tometer  (WXRD)  were  performed  at  a  RigakuD/max2500v/Pc  (CuK 
40  kV,  200  mV)  in  the  range  of  0.1-7°  and  3-60°,  respectively.  All 
the  spectra  were  taken  at  ambient  temperature  (20  ±  2  °C).The  peak 
position  and  its  area  were  extracted  with  MDIjade5  software. 

Positron  annihilation  lifetime  spectroscopy  (PALS)  experiment 
was  performed  by  using  an  EG&GORTEC  fast-fast  coincidence  sys¬ 
tem  (resolution  181  ps)  at  room  temperature.  The  resource  of  22Na 
(5  x  105  Bq)  was  sandwiched  between  two  pieces  of  sample,  each 
with  an  overall  thickness  of  about  0.2  mm.  The  integral  statistics 
for  each  spectrum  was  more  than  2  x  106  coincidences.  In  this  tech¬ 
nique,  assuming  that  o-Ps  was  localized  in  a  spherical  potential  well 
surrounded  by  an  electron  layer  of  thickness  A  r  equal  to  0.1656  nm, 
the  radius  of  free  volume  cavity  (r)  is  obtained  from  pick-off  anni¬ 
hilation  lifetime  (r)  of  o-Ps  in  the  free  volume  elements  [30,31  ]  by 
a  semiempirical  equation: 
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The  volume  of  the  equivalent  sphere  can  be  calculated  by  Eq. 

(2): 


(2) 


Further,  the  fractional  free  volume  (FFV)  may  be  estimated  from 
Eq.(3): 


2.1.  Surface  modification  of  Nafion  membrane 

The  Nafion  117  membranes  were  supplied  by  DuPont.  Prior  to 
modification,  the  Nafion  membranes  were  treated  by  boiling  them 
sequentially  for  1  h  in  each  of  the  following  solutions:  de-ionized 
water,  3%  H202  solution,  de-ionized  water,  1.0 M  H2S04  solution 
and  de-ionized  water.  All  treated  membranes  were  stored  in  de¬ 
ionized  water  for  the  subsequent  use. 

A  dilute,  aqueous  dopamine  solution  (2.0  mg  ml-1)  was  pre¬ 
pared  by  dissolving  dopamine  in  tris(hydroxymethyl)amino- 
methane  (Tris,  Sigma-Aldrich,  USA)  solution.  Hydrochloric  acid 
(5.0wt.%)  was  then  added  to  adjust  the  pH  values  of  the  solu¬ 
tion  (7.5,  8.5  and  9.5).  Next,  the  treated  Nafion  membranes  were 
immersed  directly  into  the  dopamine  solution  with  different  pH 
values  for  4  h  at  20  ±  2  °C.  The  modified  membranes  were  obtained 
after  being  washed  with  de-ionized  water  for  24  h.  These  modi¬ 
fied  membranes  were  designated  as  Naf-7.5,  Naf-8.5  and  Naf-9.5, 
corresponding  to  the  pH  values  of  dopamine  solution. 

The  modified  membranes  at  different  dopamine  concentrations 
were  fabricated  in  the  similar  procedure.  The  treated  Nafion  mem- 


FFV  =  Vf3/3  (3) 

where  Vf  and  I  are  free  volume  of  the  sphere  and  intensity  of  o-Ps, 
respectively. 

2.3.  Water  uptake  and  swelling 

The  water  uptake  of  the  membranes  was  determined  as  the  fol¬ 
lowing:  the  dry  membrane  was  weighed  (Wdry)  and  immersed  in 
de-ionized  water  for  24  h  at  room  temperature.  Then  the  mem¬ 
brane  was  re- weighed  (Wwet)  quickly  after  removing  the  surface 
water.  The  surface  swelling  was  determined  in  a  similar  manner, 
by  soaking  the  dry  rectangular  membrane  (about  4.0  cm  x  4.0  cm) 
with  area  of  Adry  in  de-ionized  water  for  24  h,  then  re-measuring 
to  obtain  the  wetted  membrane  area  (Awet).  The  final  values  of 
water  uptake  and  swelling  were  the  average  of  the  three  measure¬ 
ments  with  an  error  within  ±5.0%  and  calculated  by  Eqs.  (4)  and 
(5),  respectively: 

water  uptake  (%)  =  ^wet  ^dry  x  100  (4) 

Wdry 
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swelling (%)  =  x  100  (5) 

''dry 

2.4.  Methanol  permeability 

The  methanol  permeability  was  measured  with  a  glass  diffu¬ 
sion  cell  as  described  in  the  literature  [32],  which  consisted  of  two 
compartments  with  identical  volume  separated  by  the  membrane 
sheet.  The  membrane  was  hydrated  in  de-ionized  water  for  24  h 
before  being  clamped  tightly  between  the  two  compartments,  one 
of  which  was  initially  filled  with  water  and  the  other  filled  with 
methanol  solution  (2  M  or  12  M).  The  methanol  concentration  in  the 
receipt  compartment  was  determined  using  a  gas  chromatography 
(Agilent  6820)  equipped  with  a  TCD  detector  and  a  DB624  column. 
The  methanol  permeability,  P  (cm2  s-1 )  was  calculated  from  Eq.  (6): 


quency  response  analyzer  (Compactstat,  IVIUM  Tech.)  at  20  ±  1  °C. 
The  two-point-probe  conductivity  cell  was  mainly  composed  of 
lower  electrode  (diameter:  3.0  cm)  and  upper  electrode  (diameter: 
0.6  cm).  Between  these  two  electrodes,  the  membrane  sample  was 
sandwiched  with  the  effective  membrane  area  of  0.283  cm2.  All  the 
membrane  samples  were  immersed  in  de-ionized  for  24  h  prior  to 
measurement.  The  proton  conductivity  (cr,  S  cm-1 )  of  the  sample  in 
transverse  direction  was  calculated  by  Eq.  (7): 


where  l  and  A  are  distance  between  the  electrodes  and  effective 
membrane  area,  respectively,  and  R  is  the  membrane  resistance 
derived  from  the  low  intersect  of  the  high  frequency  semicircle  on 
a  complex  impedance  plane  with  Re  (z)  axis. 


where  5  is  the  slope  of  the  straight  line  of  concentration  versus  time, 
VB  is  the  volume  of  the  receipt  compartment,  /,  A,  and  Q0  are  the 
membrane  thickness,  effective  membrane  area,  and  feed  concen¬ 
tration,  respectively.  The  measurement  error  was  within  ±4.0%. 

2.5.  Proton  conductivity 

The  proton  conductivity  of  the  membranes  in  the  transverse 
direction  was  measured  in  two-point-probe  conductivity  cell  by 
the  ac  impedance  spectroscopy  method  over  a  frequency  range 
of  10-106Hz  with  oscillating  voltage  of  10  mV,  using  a  fre¬ 


3.  Results  and  discussion 

3.1.  Surface  modification  ofNafion  membrane 

Fig.  1  shows  the  appearance  of  bare  Nation  and  modified  Nation 
membranes  with  different  immersing  times.  It  could  be  clearly  seen 
from  Fig.  1  that,  with  the  increase  of  the  immersing  time,  the  color 
ofNafion  membrane  was  changed  from  colorless  (Fig.  la)  to  dark- 
brown  (Fig.  lb  and  c). 

The  cross-section  micrographs  of  the  modified  membranes 
probed  by  HRSEM  were  shown  in  Fig.  2.  The  two-layer  structure 
(polydopamine  layer  and  Nation  layer)  of  the  modified  mem¬ 
branes  could  be  seen  clearly.  HRSEM  results  showed  that  the 
polydopamine  layer  was  dense  and  tightly  adhered  to  the  Nation 


(a)'  Nafion  117 
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Fig.  1.  The  photographs  of  (a)  Nafion,  (b)  Naf-4  h,  and  (c)  Naf-24  h  membranes. 
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Fig.  2.  HRSEM  images  of  the  cross-section  of  the  membranes:  (a  and  b)  Naf-4  h  on  different  scales  and  (c)  Naf-24  h. 


surface,  and  the  thickness  of  this  dense  layer  increased  slightly 
(from  45  nm  for  Naf-4  h  to  50  nm  for  Naf-24  h)  with  the  immersing 
time.  Granular  particles  were  formed  on  the  surface  of  the  poly¬ 
dopamine  layer,  and  the  number  and  size  of  the  particles  increased 
with  the  immersing  time,  which  was  in  good  agreement  with  the 
observation  in  the  literature  [28].  Such  phenomena  can  be  tenta¬ 
tively  explained  as  follows:  at  the  beginning  of  polymerization, 
dopamine  molecules  were  adsorbed  on  the  Nation  surface  due 
to  the  electrostatic  interaction  between  sulfonic  group  of  Nation 
and  amino  group  of  dopamine.  The  dopamine  monomers  self- 
polymerized  on  the  Nation  surface  to  form  a  dense  layer  with  the  aid 
of  -S03-  group,  which  facilitated  the  deprotonization  of  dopamine 
during  polymerization  process  due  to  the  high  electron  density  of 
sulfonic  group.  With  the  increase  of  immersing  time,  the  thick¬ 
ness  of  polydopamine  layer  increased  and  facilitation  of  -S03- 
group  became  less  pronounced.  Under  this  condition,  dopamine 
molecules  were  inclined  to  polymerize  on  the  rough  sites  owing  to 
their  high  surface  energy,  and  hence  granular  particles  formed  and 
grew  on  the  nano-layer. 

The  chemical  structure  of  the  nano-layer  was  determined  by 
FTIR  as  shown  in  Fig.  3.  According  to  the  spectra,  the  major  vibra¬ 
tional  fingerprints  associated  with  the  Nation  membrane  could 
be  found  in  all  the  samples.  C-F  stretching  vibrations  could  be 
observed  at  1208  cm-1  and  1153  cm-1,  and  the  peaks  at  981  cm-1 
and  969  cm-1  arised  from  the  stretching  vibration  of  C-O-C  [33]. 
The  typical  peaks  at  1056  cm-1  was  assigned  to  the  S03-  symmet¬ 
ric  stretching  vibration  [33].  The  existence  of  polydopamine  after 
modification  could  be  verified  by  the  appearance  of  the  absorbance 
peak  at  1524  cm-1  which  was  attributed  to  N-H  shearing  vibration 
of  the  amide  group  and  1616  cm-1  corresponding  to  the  overlap 
of  C=C  resonance  vibration  in  aromatic  ring  and  N-FI  bending 
(Fig.  3b-d).  HRSEM  and  FTIR  results  revealed  that  a  dense  nano¬ 
layer  was  formed  by  self-polymerization  of  dopamine  and  adhered 


tightly  on  Nation  surface,  which  rendered  the  possibility  to  inhibit 
the  methanol  crossover  of  Nation  membrane  by  substantially  block¬ 
ing  the  ion-cluster  channels  for  methanol  transport. 

3.2.  Microstructure  characterization  of  the  membranes 

Since  the  mass  transport  in  Nafion-based  membranes  can  be 
described  by  solution-diffusion  mechanism,  the  microstructure 
would  strongly  influence  the  membrane  performance  in  terms 
of  methanol  permeability  and  proton  conductivity  [8,9].  The 


Fig.  3.  FTIR  spectra  of  the  membranes:  (a)  Nafion,  (b)  Naf-1  h,  (c)  Naf-4  h,  and  (d) 
Naf-24  h  membranes. 
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Fig.  4.  SAXS  curves  of  Nafion  membranes  before  and  after  modification. 


internal  morphologies  of  the  membranes  including  crystalline 
structure  were  determined  by  SAXS  and  WXRD  and  free  volume 
characteristics  were  investigated  by  PALS,  respectively. 

Fig.  4  shows  the  relative  scattering  intensity  of  the  dried  con¬ 
trol  and  modified  Nafion  membranes  as  a  function  of  the  scattering 
vector  q ,  where  q  =  4tt/A  sin  0  with  the  scattering  angle  20  and  the  X- 
ray  wavelength  A.  The  scattering  maximum  generally  appeared  in 
scattering  vector  profiles  at  around  ca.  q  =  0.2  A-1  (the  well-known 
“ionomer  peak”),  which  related  to  the  characteristic  correlation 
length  of  the  domains  in  which  the  water  was  contained  [34,35]. 
By  comparing  the  SAXS  curves  of  Nafion  and  Naf-4  h,  it  was  found 
that  both  the  position  and  intensity  of  the  ionomer  peak  were  little 
changed  after  modification.  This  implied  that  the  inter-cluster  dis¬ 
tance  for  the  two-phase  model  or  the  short-range  distance  for  the 
core-shell  model  was  largely  preserved  after  surface  modification, 
which  were  in  consistence  with  the  results  in  the  literature  [36]. 

Fig.  5  presents  the  WXRD  patterns  of  control  and  modified 
Nafion  membranes.  All  the  membranes  exhibited  the  same  broad 
characteristic  peaks  at  20  =12-20°  and  20  =  35-45°  [37,38].  The 
former  broad  diffraction  peaks  (10  0)  resulted  from  a  convolu¬ 
tion  of  amorphous  (20  =  16°)  and  crystalline  (20  =  17.5°)  scattering 


Fig.  5.  WXRD  patterns  of  (a)  Nafion,  (b)  Naf-1  h,  (c)  Naf-4  h,  and  (d)  Naf-24  h  mem¬ 
branes. 


Table  1 

Free  volume  parameters  of  Nafion  before  and  after  modification. 


Entry 

Membrane 

r3  (ns) 

J3(%) 

r3  (nm) 

V/ (nm3) 

FFV  (%) 

1 

Nafion 

2.535 

13.57 

0.3295 

0.1498 

4.475 

2 

Naf-7.5 

2.563 

12.70 

0.3316 

0.1527 

4.211 

3 

Naf-8.5 

2.334 

13.38 

0.3134 

0.1289 

4.193 

4 

Naf-9.5 

2.445 

13.15 

0.3233 

0.1415 

4.251 

5 

Naf-1  mg 

2.386 

13.86 

0.3178 

0.1344 

4.405 

6 

Naf-2  mg 

2.37 

13.80 

0.3165 

0.1327 

4.367 

7 

Naf-3  mg 

2.427 

13.40 

0.3211 

0.1386 

4.302 

8 

Naf-4  mg 

2.412 

13.41 

0.3199 

0.1371 

4.289 

9 

Naf-1  h 

2.429 

13.49 

0.3212 

0.1387 

4.333 

10 

Naf-2  h 

2.551 

13.01 

0.3307 

0.1514 

4.299 

11 

Naf-4  h 

2.427 

13.44 

0.3211 

0.1386 

4.316 

12 

Naf-8  h 

2.493 

12.93 

0.3263 

0.1455 

4.219 

13 

Naf-12  h 

2.448 

12.98 

0.3227 

0.1407 

4.189 

14 

Naf-24  h 

2.409 

13.24 

0.3197 

0.1368 

4.233 

15 

Naf-48  h 

2.486 

12.80 

0.3257 

0.1447 

4.169 

from  the  perfluorocarbon  chains  of  Nafion.  The  later  peaks  (101) 
were  attributed  to  the  crystalline  -[CF2-CF2]-  of  Nafion.  The  results 
in  Fig.  5  indicated  that  the  position  and  intensity  of  the  charac¬ 
teristic  peaks  for  membranes  were  slightly  changed  after  surface 
modification,  which  agreed  with  the  literature  observations  [39]. 
In  summary,  SXAS  and  WXRD  results  implied  the  similar  mor¬ 
phologies  of  Nafion  layer  for  both  control  and  modified  Nafion 
membranes,  therefore  methanol  molecules  transported  still  pre¬ 
dominantly  through  the  ion-cluster  channels  in  Nafion  layer. 

Free  volume  characteristics  of  the  prepared  membranes  were 
also  investigated  to  get  a  deeper  understanding  of  the  material 
microstructure,  which  were  reported  as  an  effective  direct  datum 
for  describing  membrane  morphology  [30].  PALS  technique,  as  a 
unique  and  direct  way,  was  employed  to  probe  the  free  volume  of 
the  membranes,  in  which  the  o-Ps  was  assumed  to  pass  through¬ 
out  the  sample  for  displaying  the  property  of  the  whole  material 
[30,31].  Since  the  thickness  of  the  nano-layer  (around  50  nm)  was 
much  thinner  than  that  of  Nafion  layer  (around  180  |xm),  the 
free  volume  parameters  obtained  by  PALS  mainly  reflected  the 
microstructure  of  Nafion  layer.  According  to  the  r3  parameter  in 
Table  1,  the  average  size  of  the  cavities  kept  almost  unchanged 
after  (Entries  2-15)  modification.  These  results  demonstrated  that 
dopamine  molecules  mainly  polymerized  on  the  Nafion  surface, 
and  the  internal  microstructure  of  Nafion  layer  was  little  affected, 
as  testified  by  the  characterization  of  SAXS  and  WXRD.  On  the  other 
hand,  the  average  free  volume  cavity  radius  (around  0.32  nm)  was 
larger  than  the  kinetic  radius  of  methanol  molecule  (0.19  nm),  and 
thus  methanol  transporting  through  the  membrane  might  occur 
in  free  volume  cavities.  The  fractional  free  volume  (FFV  parameter 
in  Table  1)  of  the  modified  Nafion  membranes  (Entries  2-15)  was 
smaller  than  that  of  control  Nafion  membrane  (Entry  1 ),  which  was 
advantageous  to  suppress  methanol  crossover  of  the  membranes 
(as  discussed  hereafter). 

3.3.  Effect  of  modification  conditions  upon  the  membrane 
performance 

3.3  A.  Effect  of  pH  value 

Since  the  self-polymerization  of  dopamine  was  carried  out 
under  weak  alkaline  condition  [26],  the  influence  of  pH  value  of 
dopamine  solution  upon  the  membrane  performance  including 
water  uptake,  swelling,  methanol  permeability  and  proton  conduc¬ 
tivity  was  measured  in  the  range  of  7.5-9.5.  Table  2  demonstrates 
that  the  modified  Nafion  membranes  displayed  lower  water  uptake 
(Entries  2-4,  about  25%)  and  swelling  (Entries  2-4,  about  30%) 
compared  with  control  Nafion  membrane  (Entry  1,  31%  for  water 
uptake  and  38%  for  swelling).  The  possible  assumptions  were  pre¬ 
sented  as  follows:  (i)  polydopamine  was  hydrophobic  comparing  to 
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Table  2 

Water  uptake,  swelling  and  selectivity  of  control  membrane  and  Nafion  membranes 
modified  under  different  pH  values. 


Entry 

Membrane 

Water  uptake 

(%) 

Swelling 

(%) 

Selectivity 
(xlO-4  Sscirr3) 

2  Ma  12  Ma 

1 

Nafion 

30.55 

37.56 

2.20 

1.73 

2 

Naf-7.5 

24.49 

28.55 

9.54 

5.47 

3 

Naf-8.5 

23.82 

24.64 

9.97 

5.15 

4 

Naf-9.5 

27.64 

32.87 

7.76 

4.39 

a  Selectivity  (S  =  cr/P)  of  the  membrane  was  calculated  from  the  proton  conduc¬ 
tivity  a  and  methanol  permeability  P.  2  M  refers  to  the  selectivity  of  2  M  methanol 
solution,  that  is,  the  methanol  permeability  (P)  was  obtained  in  2  M  methanol  solu¬ 
tion,  and  12  M  refers  to  the  selectivity  of  12  M  methanol  solution. 

perfluorosulfonic  acid  of  Nafion,  and  thus  the  modification  would 
decrease  the  hydrophilicity  of  the  membrane;  (ii)  although  the 
polymerization  mechanism  of  dopamine  was  still  elusive  presently 
[27,28,40,41  ],  it  was  accepted  that  the  catechol  groups  were  firstly 
oxidized  to  the  quinones  which  further  participated  in  intra¬ 
molecular  cyclization  and  a  variety  of  inter-molecules  cross-linking 
reactions.  The  resulting  network  structure  of  polymerization  layer 
would  inhibit  membrane  swelling  and  reduce  fractional  free  vol¬ 
ume  as  summarized  in  Table  1  [42].  According  to  the  results  in 
Table  2  (Entries  2-4),  the  Naf-8.5  membrane  displayed  lower  water 
uptake  and  swelling  comparing  to  Naf-7.5  and  Naf-9.5  membranes 
probably  due  to  its  lower  fractional  free  volume. 

Methanol  permeability  of  Nafion  membranes  before  and  after 
surface  modification  in  2M  and  12  M  aqueous  methanol  solu¬ 
tion  was  illustrated  in  Fig.  6.  In  agreement  with  the  literatures 
[32,43],  the  methanol  crossover  of  Nafion-based  membranes  in 
2M  methanol  solution  was  lower  than  that  in  12  M  methanol 
solution,  and  such  phenomena  were  reasonably  due  to  the  prop¬ 
erties  of  aqueous  methanol  solution  and  the  microstructure  of  the 
Nafion-based  membrane  [32  ].  According  to  Fig.  6,  the  methanol  bar¬ 
rier  property  of  Nafion  membrane  was  significantly  improved  by 
about  75%  through  surface  modification  of  dopamine.  The  consid¬ 
erable  improvement  was  probably  ascribed  to  the  facts  that:  (i)  the 
reduction  of  the  hydrophilicity  of  membrane  surface  after  modifi¬ 
cation  would  decrease  the  dissolution  of  methanol  molecules;  (ii) 
the  presence  of  polydopamine  nano-layer  simultaneously  blocked 
the  channels  on  the  Nafion  surface  and  decreased  the  size  of  the 
internal  channels  by  suppressing  membrane  swelling,  and  conse¬ 
quently  enhanced  methanol  diffusion  resistance.  Based  on  previous 
studies  [44,45],  pH  value  had  two  different  influences  on  the  self¬ 
polymerization  of  dopamine:  (i)  the  polymerization  rate  increased 


Fig.  6.  The  methanol  permeability  and  proton  conductivity  of  control  membrane 
and  Nafion  membranes  modified  under  different  pH  values. 


with  the  increase  of  pH  value  from  7.5  to  9.5,  and  therefore  more 
polydopamine  was  formed  at  a  definite  time  interval;  (ii)  the  ratio 
of  quinone  structure  to  catechol  structure  of  polydopamine  was 
also  increased,  which  would  induce  a  looser  structure.  Naf-8.5 
membrane,  which  was  prepared  under  pH  8.5,  possessed  moderate 
polymerization  rate  and  polymer  structure.  The  resulting  poly¬ 
dopamine  layer  might  induce  lower  fractional  free  volume  (FFV 
parameter  in  Table  1)  and  consequently  endow  lower  methanol 
crossover  comparing  to  that  of  Naf-7.5  and  Naf-9.5  membranes. 
Meanwhile,  this  pH  value  was  essentially  similar  to  the  pH  of  sea 
water  (8.2-8.4),  in  which  dense  polydopamine  film  was  formed  by 
mussels  and  other  marine  organisms. 

Proton  conductivity  of  Nafion  membrane  at  room  temperature 
under  water  immersed  conditions  was  0.069  S  cm-1 ,  which  agreed 
with  the  result  obtained  in  the  literatures  [19,32].  The  proton 
conducting  ability  of  polydopamine  was  lower  than  that  of  per¬ 
fluorosulfonic  acid,  however,  the  proton  conductivity  of  the  Nafion 
membrane  was  decreased  only  slightly  after  surface  modification 
as  shown  in  Fig.  6.  The  high  value  was  possibly  ascribed  to  the 
facts  that:  on  one  hand,  the  proton  conducting  groups  (e.g.  amino, 
imino  and  catechol  groups)  of  polydopamine  layer  would  facilitate 
proton  transport;  on  the  other  hand,  the  nano-layer  was  too  thin 
comparing  with  Nafion  layer  (about  1/3500)  to  affect  proton  con¬ 
ductivity.  As  pH  value  increased,  the  polymerization  rate  as  well 
as  the  ratio  of  quinone  structure  to  catechol  structure  increased, 
both  of  which  enhanced  the  resistance  of  proton  transport  through 
the  polydopamine  layer.  Accordingly,  proton  conductivity  of  the 
modified  membrane  reduced  with  higher  pH  value,  as  illustrated 
in  Fig.  6. 

The  comprehensive  performance  of  the  membrane  was  reflected 
by  selectivity  S,  where  S  =  crlP  with  the  proton  conductivity  o  and 
methanol  permeability  P  [16].  As  shown  in  Table  2  (selectivity 
parameter),  the  selectivity  of  the  membranes  was  dramatically 
improved  through  surface  modification  of  dopamine.  Nano-layer 
of  polydopamine  may  have  more  influence  on  methanol  trans¬ 
port  than  that  on  proton  transport.  Meanwhile,  since  the  radius 
of  methanol  molecule  was  larger  than  that  of  proton,  the  reduc¬ 
tion  of  the  channels  size  of  Nafion  layer  would  enhance  much 
more  diffusion  resistance  for  methanol  molecules  than  that  for  pro¬ 
tons.  Therefore,  the  modified  membranes  displayed  much  higher 
selectivity  than  control  Nafion  membrane.  Owing  to  the  excellent 
methanol  barrier  property,  the  Naf-8.5  exhibited  the  highest  com¬ 
prehensive  performance  among  the  modified  membranes  under 
different  pH  values. 

3.3.2.  Effect  of  immersing  time 

Since  the  highest  comprehensive  performance  of  the  membrane 
was  acquired  under  pH  8.5,  the  effect  of  immersing  time  from  1  h 
to  48  h  on  membrane  performance  was  experimented  under  such 
pH  value,  and  the  results  were  summarized  in  Table  3  and  Fig.  7.  As 
shown  in  Table  3,  the  water  uptake  of  modified  Nafion  membranes 
with  different  immersing  times  was  little  changed  in  the  range  of 
23-25%.  The  swelling  caused  by  the  adsorption  of  water  was  quite 
consistent  with  the  results  of  water  uptake  with  little  changed  in 
the  range  of  24-26%. 

Lee  et  al.  [44]  found  that  the  pH  value  of  aqueous  solution  deter¬ 
mined  the  structure  of  polydopamine  layer  via  tailoring  the  ratio 
of  quinone  structure  to  catechol  structure.  The  immersing  time  and 
dopamine  concentration  would  primarily  influence  the  thickness  of 
the  polydopamine  layer  and  therefore  manipulate  the  membrane 
performance.  Fig.  7  presents  the  methanol  permeability  and  proton 
conductivity  of  control  and  modified  Nafion  membranes  with  dif¬ 
ferent  immersing  times.  According  to  HRSEM  analysis,  the  thickness 
of  dense  nano-layer  was  around  50  nm  and  kept  almost  unchanged 
with  the  immersing  time  under  certain  pH  value  and  concentra¬ 
tion.  As  shown  in  Fig.  7,  the  methanol  permeability  in  both  2  M  and 
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Table  3 

Water  uptake,  swelling  and  selectivity  of  control  membrane  and  Nafion  membranes 
modified  with  different  immersing  times. 


Entry 

Membrane 

Water  uptake 

(%) 

Swelling 

(%) 

Selectivity 
(xlO-4  Sscnrr3) 

2  Ma  12  Ma 

1 

Nafion 

30.55 

37.56 

2.20 

1.73 

2 

Naf-1  h 

23.08 

23.87 

9.87 

4.67 

3 

Naf-2  h 

24.47 

25.31 

11.41 

4.54 

4 

Naf-4h 

23.82 

24.63 

9.97 

5.15 

5 

Naf-8  h 

23.99 

24.82 

12.01 

4.97 

6 

Naf-12  h 

23.38 

24.19 

10.19 

5.59 

7 

Naf-24  h 

23.21 

24.01 

9.13 

5.29 

8 

Naf-48  h 

23.86 

24.68 

9.26 

4.77 

a  Selectivity  (S  =  crlP)  of  the  membrane  was  calculated  from  the  proton  conduc¬ 
tivity  cr  and  methanol  permeability  P.  2  M  refers  to  the  selectivity  of  2  M  methanol 
solution,  that  is,  the  methanol  permeability  (P)  was  obtained  in  2  M  methanol  solu¬ 
tion,  and  12  M  refers  to  the  selectivity  of  12  M  methanol  solution. 

12  M  aqueous  methanol  solution  of  the  modified  membranes  was 
much  lower  than  that  of  control  Nafion  membrane  but  changed 
only  slightly  with  the  immersing  time.  Similarly  to  methanol  per¬ 
meability,  the  proton  conductivity  (around  0.06  S  cm-1)  of  the 
membranes  was  little  changed  with  the  immersing  time.  Based 
on  the  improvement  of  methanol  barrier  property,  all  the  mod¬ 
ified  membranes  exhibited  improved  selectivity  about  five  times 
of  that  of  control  Nafion  membrane.  All  these  results  indicated  that 
the  effect  of  the  surface  modification  upon  membrane  performance 
was  mainly  dependent  on  the  dense  nano-layer,  which  could  sup¬ 
press  membrane  swelling  and  block  the  channels  on  the  Nafion 
surface  effectively. 

3.3.3.  Effect  of  dopamine  concentration 

Considering  the  comprehensive  performance,  the  effect  of 
dopamine  concentration  from  1  mg  ml-1  to  4  mg  ml-1  upon  mem¬ 
brane  performance  was  investigated  under  pH  8.5  for  4  h.  According 
to  Table  4,  surface  modification  reduced  the  water  uptake  (from 
31%  to  less  than  25%)  and  swelling  (from  38%  to  less  than  28%), 
and  such  trends  decreased  slightly  with  the  increase  of  dopamine 
concentration  from  1  mg  ml-1  to  4  mg  ml-1. 

The  methanol  permeability  and  proton  conductivity  of  control 
membrane  and  Nafion  membranes  modified  at  different  dopamine 
concentrations  were  presented  in  Fig.  8.  The  methanol  crossover 
of  the  modified  Nafion  membranes  was  about  25%  of  that  of 
control  Nafion  membrane.  Similar  to  the  trend  of  water  uptake, 
the  methanol  permeability  also  decreased  slightly  by  about  15% 
independently  with  the  dopamine  concentration  in  the  range  of 


Membrane 

Fig.  7.  The  methanol  permeability  and  proton  conductivity  of  control  membrane 
and  Nafion  membranes  modified  with  different  immersing  times. 


Table  4 

Water  uptake,  swelling  and  selectivity  of  control  membrane  and  Nafion  membranes 
modified  at  different  dopamine  concentrations. 


Entry 

Membrane 

Water  uptake 

(%) 

Swelling 

(%) 

Selectivity 

(xlO-4  Sscm-3) 

2  Ma  12  Ma 

1 

Nafion 

30.55 

37.56 

2.20 

1.73 

2 

Naf-1  mg 

25.36 

27.60 

9.09 

4.69 

3 

Naf-2  mg 

23.83 

24.64 

9.97 

5.15 

4 

Naf-3  mg 

23.53 

23.69 

9.77 

5.04 

5 

Naf-4  mg 

22.82 

22.56 

10.59 

5.47 

a  Selectivity  (S  =  crlP)  of  the  membrane  was  calculated  from  the  proton  conduc¬ 
tivity  cr  and  methanol  permeability  P.  2  M  refers  to  the  selectivity  of  2  M  methanol 
solution,  that  is,  the  methanol  permeability  (P)  was  obtained  in  2  M  methanol  solu¬ 
tion,  and  12  M  refers  to  the  selectivity  of  12  M  methanol  solution. 


Membrane 

Fig.  8.  The  methanol  permeability  and  proton  conductivity  of  control  membrane 
and  Nafion  membranes  modified  at  different  dopamine  concentrations. 

1  -4  mg  ml-1 .  Proton  conductivity  of  modified  Nafion  was  only  a  lit¬ 
tle  lower  than  that  of  control  Nafion  membrane.  These  inapparent 
changes  indicated  that  the  increase  of  thickness  of  the  nano-layer 
was  inappreciable  comparing  with  the  whole  membrane  as  the 
dopamine  concentration  increased  under  certain  pH  value  and 
immersing  time.  Due  to  weak  influence  of  dopamine  concentration 
on  methanol  permeability  and  proton  conductivity,  the  selectiv¬ 
ity  of  the  modified  Nafion  membranes  was  slightly  changed  (about 
9.5  and  5.3  for  2M  and  12  M  methanol,  respectively)  as  shown  in 
Table  4. 

4.  Conclusion 

Commercial  Nafion  membranes  have  been  modified  through 
mild  and  rapid  self-polymerization  of  dopamine,  a  kind  of  low- 
molecular-weight  catecholamine  mimics.  A  dense  polydopamine 
nano-layer  was  quickly  formed  and  tightly  resided  on  the  Nafion 
surface,  which  dramatically  influenced  the  membrane  perfor¬ 
mance.  Since  only  few  monomers  were  penetrated  into  Nafion 
layer,  the  microstructure  of  Nafion  was  hardly  affected.  The  net¬ 
work  structure  of  polydopamine  layer  would  suppress  membrane 
swelling,  and  thus  decreased  the  size  of  ion-cluster  channels 
and  fractional  free  volume,  which  both  facilitated  to  inhibit  the 
methanol  crossover  of  the  membranes  from  3.14  x  10-6  cm2  s-1 
to  about  0.65  x  10-6  cm2  s_1.  Due  to  the  presence  of  numerous 
proton  conducting  groups  within  the  ultrathin  polydopamine 
layer,  the  proton  conductivity  of  the  Nafion  membrane  decreased 
only  slightly  after  modification.  Nafion  membrane  modified  under 
pH  8.5  (similar  to  the  pH  value  of  sea  water  environment)  pos¬ 
sessed  moderate  polymerization  rate  and  polymer  structure,  and 
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consequently  endowed  the  superior  performance  to  the  mem¬ 
branes  modified  under  other  pH  values.  The  effect  of  dopamine 
concentration  and  immersing  time  upon  methanol  permeability 
and  proton  conductivity  was  not  significant,  as  the  thickness  of  the 
polydopamine  layer  was  inappreciable  compared  with  the  whole 
membrane  under  different  dopamine  solution  concentrations  and 
immersing  times.  It  is  deserved  to  highlight  the  methanol  barrier 
property  and  comprehensive  performance  of  Nafion  membranes 
which  were  significantly  enhanced  through  this  facile  surface 
modification  technique,  which  proved  their  high  potential  for 
DMFC  applications. 
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